The aim of the present work is to demonstrate the versatility of surface discharges for airflow control in realflight atmospheric conditions. The effects of the air pressure on the electromechanical properties of a single dielectric barrier discharge (DBD) are investigated experimentally in a vacuum chamber. This work shows that the pressure significantly modifies the DBD behaviour without affecting its ability to generate an electric wind suitable for various aeronautics applications. At low pressure (down to 0.2 atm) a considerable plasma extension is observed. Hence two DBD configurations have been tested. Many velocity profiles have been measured in both x and y directions. These local values greatly help the understanding of the EHD conversion compared to balance measurements that only give access to the global force production. Indeed, our results show that the mass flow rate and the induced electric wind velocity exhibit different behaviours when the pressure is decreased. Despite the drop of the mass flow rate imparted to the gas below 0.4 atm it is remarkable that the surrounding fluid velocity rises with decreasing pressure if the grounded electrode is sufficiently long. This is of major importance in the perspective of airfoil separation control or other applications based on boundary layer manipulation.
I. Introduction
IRFLOW control is widely investigated for aeronautic applications with different objectives such as active control of drag and lift or control of aerodynamic noises (generated by the aircraft design and the engine system). Airfoils suffer from flow separation at high angles of attack which can cause a major lift decrease and drag increase. It is of great importance to avoid those phenomena considering the environmental regulations and the penalties imposed to the civil companies urging to reduce the emissions of pollutants as well as the noise during the taking-off, the landing and the ground operations. Aerodynamic flow control usually consists in modifying the flow over bluff bodies by the manipulation of the boundary layer. Small perturbations imparted to the large-scale structures of the flow are sometimes sufficient to lead to global flow changes. One of the challenges of a modern approach to manipulate the aerodynamic coefficients consists in performing the control with a simple and effective device imparting momentum or disturbances at least at the frequency of the natural instabilities of the flow [1] .
A recent approach to control aerodynamic airflows is based on surface non-thermal plasma actuators. These lowcost and low-power actuators consist in applying a high-voltage (HV) between a set of thin electrodes, flushmounted on aerodynamic surfaces. Various electrofluidodynamic (EFD) actuators coexist [2] . However the present study is focused on Dielectric Barrier Discharge (DBD) actuators which have previously demonstrated their efficiency to control aerodynamic flows at moderate Reynolds numbers [2] [3] . Indeed, previous studies have demonstrated that the post-stall regime of airfoils profiles can be delayed using DBDs [4] [5] [6] , an axisymmetric airjet can be vectored [7] , the mixing properties of a round jet can be increased [8] and a significant effect on reducing airframe noise has been observed [9] [10] , for instance. Additional fundamental capabilities such as the manipulation of the natural instabilities occurring within a boundary layer [11] or the control of the turbulent scales [12] are currently under investigation. However, all these investigations about airflow control by non-thermal surface plasma are operated at one atmosphere. Then effects of more drastic atmospheric operating conditions need to be explored. Indeed, the effectiveness of DBD actuators can be evaluated by the analysis of the overall flow changes but the obtained results have not yet been validated for real flight conditions. The pressure, ambient humidity and the temperature vary according to the flight envelope, the climatic and environmental conditions and the velocity of the external airflow. An effective active actuator thus requires to conserve its capability to manipulate airflow even in critical atmospheric conditions. Few authors have investigated the effects of external conditions on plasma discharge actuators specifically designed for airflow control. In 2005, Anderson and Roy have performed preliminary experiments in dry and humid air in order to evaluate how the relative humidity affects the DBD performances [13] . An asymmetric DBD actuator was placed at the surface of a flat plate and the actuator effectiveness was evaluated by measuring the modifications of the pressure coefficient along the plate for external tangential airflow velocity up to 15 m/s. The results demonstrated that the DBD actuator can be safely operated in relative humidity conditions up to 53% and that the actuation effects are not inhibited by the relative humidity within the investigated range. More, data suggested that the effectiveness of the actuator could be improved as the relative humidity increases [13] . The effects of external perpendicular and tangential high-speed airflow have been recently studied by Pavlon et al. [14] . They demonstrated that an external airflow of M=1.1 is not strong enough to shutdown the plasma discharge. When the DBD is supplied by a high frequency signal (f=10-15 kHz), the breakdown voltage is only slightly modified by the external flow contrary to the results obtained at lower electrical frequencies (f≈1 kHz) which require an increase of the applied voltage (2.2 and 4.5 kV for stagnant and M=0.7 airflows, respectively). Spectroscopic measurements highlight that the depletion of metastable atoms by external airflow could be responsible for the breakdown voltage variations. The results also demonstrated that the discharge becomes more filamentary when the external airflow is increased but no data were provided to estimate the influence of an external airflow on the electrofluidodynamic forces produced by the actuator. Another external parameter concerns the effects of the ambient pressure on a DBD actuator. This point was approached by Abe et al. in 2007 for DBD operating in different air pressure conditions [15] . They observed the effects of a decreasing external pressure on the total force produced by a DBD actuator mounted on a flat plate. Additional data concern measurements of the induced airflow by using a Pitot tube placed at a converging channel exit. However this experimental setup was not retained to investigate the effects of the ambient air pressure on the force production. Electric measurements confirmed that the current behaviour is strongly affected by the ambient pressure which results in changes in the thrust level. Indeed, the authors measured that the thrust increases up to a maximum value, and then decreases with decreasing pressure (thrust of 0.5, 0.55 and 0.17 gf at 1, 0.8 and 0.25 atmosphere). Complementary results were proposed by Gregory et al. [16] . This recent study details the mechanism of the time-averaged force production of a single DBD actuator operating in pressure conditions from 0.8 to 0.18 atmosphere. The results demonstrated a linear time-averaged force reduction when the air pressure was decreased, which is in agreement with Abe et al. [17] when ambient pressure is lower than 0.8 atmosphere. These studies highlight that the operating conditions are of primary interest to design a practicable actuator device based on non-thermal plasma technology. However, the interest in external conditions effects on EFD actuators is recent and complementary studies are necessary to fully explicit the consequences of various atmospheric conditions on the discharge behaviour.
The present study is then dedicated to the characterization of the effects of the pressure conditions on the electric wind produced by a single DBD actuator mounted on a flat plate. Two electrode designs are tested in a low pressure chamber and the analysis is focused on the electric wind velocity produced by the discharge and on the current behavior. The first electrode configuration corresponds to an actuator leading to a limited extension of the plasma discharge at low pressure level while the second one allows a wider plasma extension. Here, the global force induced by the plasma discharge is not investigated and local velocity measurements are preferred to estimate the spatial localization of the generated velocity for aeronautical flow control perspectives. Electric and Pitot measurements are performed in a test chamber allowing to decrease the ambient pressure down to 0.2 atmosphere. To complete the present study, statistical electric data are extracted from the voltage and current acquisitions demonstrate the change in current behavior when the ambient pressure is decreased. This work is the preliminary result of a more global investigation about the atmospheric effects on electrofluidodynamic characteristics of DBD actuators operating in pressure, humidity and temperature conditions.
II. Experimental Setup
The plasma actuator consists in a single DBD mounted on a flat plate made of PMMA. The electrodes are made of thin aluminium foils (thickness of about 80 µm) and span of 100 mm. These electrodes are asymmetrically stuck on the plate with a gap of 5 mm. Two actuator designs ("short grounded electrode" and "long grounded electrode" see figure 1 ) are investigated in the present study. The first is composed of an air-exposed electrode and a grounded electrode both 15 mm long (figure 1a). It is expected that such a configuration will limit the plasma extension when the ambient air pressure is decreased. For the second electrode design (Figure 1b) , the grounded electrode is longer (40 mm instead of 15 mm). The grounded electrode is extended in order to allow a full plasma extension when the air pressure is decreased [18] . In both investigated DBD the grounded electrodes are carefully encapsulated with resin to avoid any arc between electrodes and any discharge formation below the flat plate. The DBD actuators are successively placed in a low pressure test chamber which can be operated down to 0.2 atmosphere. This experimental facility is composed of a circular cylinder made of glass (thickness of about 7 mm) and has a height of 500 mm while its diameter is equal to 300 mm. Each extremity of the glass tube is closed by a 20-mm-thick PMMA plate. Two valves are used to control the pressure and two slots allow to power the discharge device. The pressure level is set by an external pump (Alcatel, 12004) and a digital manometer (Vacuubrand, DVR-2) measures the internal pressure. In the present study, air pressure levels from 1 down to 0.2 atmosphere are investigated. These pressure levels cover the external pressure conditions of the flight envelope for a commercial aircraft.
Figure 2 Illustrations of the test chamber facility (a) photograph of the experimental setup, (b) experimental arrangement for velocity acquisitions along the y-direction, (c) experimental arrangement for velocity acquisitions along the x-direction
A high-voltage power supply (Trek 30kV/20mA, New-York, USA) is used to amplify a sine signal generated by a digital waveform processor (TTi, TG1010A, Cambridgeshire, England). This signal is applied to the active electrode and results in the production of a local wind. Indeed, charged particles (ions and electrons) are created over the plate and accelerated by the electric field. This leads to a momentum transfer from the charged particles to the neutral atmospheric air components producing a local flow of a few m.s -1 usually called 'ionic wind' or 'electric wind' [17] [18] [19] [20] .
The measurements proposed in the present paper concern a visual diagnostic of the plasma extension, an investigation of the current and measurements of the electric wind generated by the plasma discharge.
Measurements of the plasma extension is deduced from images of the plasma region taken with a digital camera perpendicular to the flat plate. The length of the plasma region is measured by realizing an accurate calibration of the images and by assuming that the plasma extension corresponds to the visible part of the discharge.
To observe the discharge current, a resistor (100 Ohms) is inserted between the encapsulated electrode and the ground. The voltage applied to the electrode and the discharges current are visualized and recorded with a digital oscilloscope (Lecroy, Wavesurfer 424). Electrical acquisitions are recorded with a 200 MHz bandwidth while 10 periods of the input signal are sampled at 2 Gs/s. The data-processing of the electrical measurements consists in computing the electrical power dissipated in the discharge and in detecting the number of current peaks by signal post-processing. This last task is performed by using a dedicated program written in fortran language. To detect and count the current pulses, the developed algorithm uses a classical Fast Fourier Transform to compute the spectral content of the current evolution. To avoid any leakage due to the FFT transformation, a Hamming window is coded and a noise level is subtracted from the current curves. Low and high pass filters are used to separate the low frequency associated with fundamental of the current and the high frequencies which corresponds to the current peaks. The current peaks are detected by checking the sign changes of the derivative function of the high frequency components. This algorithm is applied to 10 current acquisitions for each investigated cases, resulting in a statistical analysis based on 100 signal periods.
An accurate measurement of the electric wind produced by the non-thermal DBD actuator is complex, even with advanced typical velocimetry methods. A Pitot tube made of glass remains a reliable way to measure the induced velocity directly in the discharge region [21] . Homemade Pitot tubes are designed in our lab (diameter of 1 mm) and mounted on stainless tubes extension linked to a displacement system equipped with a stepper motor (Isel, C142). One of the Pitot tube is bended to measure the velocity at different location in the y direction while a second one is straight allowing to acquire the velocity along the x-direction as illustrated in figures 2b, 2c and 3. The timeaveraged pressure and the resulting velocity are acquired using a Furness© FCO352 differential manometer which allows ±5 Pa measurements with an accuracy of ±0.05% (the uncertainty in the velocity measurements is then 0.09, 0.1, 0.12, 0.14 and 0.2 m/s at 1, 0.8, 0.6, 0.4 and 0.2 atmosphere, respectively). An A/D converter (Keithley KUSB-310B, 12Bits) is used to sample the manometer output. The time-averaged velocity at each acquisition position corresponds to an ensemble average of 4000 samples recorded at a frequency of 200 Hz. 
III. Results
The results presented in this paper concern the visualization of the plasma extension, the analysis of the current characteristics and the mechanical measurements. The electric wind velocity produced by the actuator and the induced mass flow rate are reported. In most cases, the actuators are powered by a sine waveform having an amplitude of 12 and 15 kV, and a frequency fixed at 1 kHz. The pressure is decreasing from 1 Atm down to 0.2 Atm and the Pitot tube measurements are realized at different locations along and above the flat plate. This position as well as the used electrical signal will be described in each following subsections.
A. Optical Diagnostic -Plasma Extension Under Air Pressure Conditions
The DBD actuator is supplied by a sine 15 kV high-voltage at a frequency of 1 kHz. Seven air pressure values are tested (from 1 down to 0.2 Atm, every 0.1 Atm) and photographs of the plasma discharge are realized with an exposure time fixed at 4 seconds (Figure 4) . Under AC high-voltage excitation, the space above the dielectric layer is ionized and a luminous surface discharge appears. A small discharge region is established at 1 atmosphere with visible filaments starting from several spots along the edge of the active electrode. The photographs demonstrate that the plasma region is largely extended when the ambient air pressure is decreased. At 0.2 atmosphere, the plasma extension of the DBD with a grounded electrode of 15 mm is shorter than in the case of a longer grounded electrode. Moreover, it seems that the use of a long grounded electrode results in longer and more intense filaments. The results also reveal that the plasma region is laterally expanded for both DBD configurations when the pressure is reduced. As expected at low ambient pressure, the plasma region is significantly extended for a constant voltage, and the degree of ionization is certainly higher. Finally, the photographs reveal that large streamers occur at preferential places such as the corner of the active electrode, certainly due to surface defaults resulting in microscopic sharp pikes. To quantify the plasma extension, a visual estimation of the visible part of the plasma discharge is performed. This evaluation results from the extraction of the color levels along the x-direction. The results are plotted in figure  5 for each DBD powered by a 12 and 15 kV sine signal. As observed on the photographs, the plasma extends with decreasing pressure. This extension is nearly linear for the short grounded electrode configuration as opposed to the long electrode one which presents a sudden change when the air pressure is lower than approximately 0.7 and 0.45 Atm at 15 and 12 kV, respectively. The results also confirm that the shorter grounded electrode leads to a spatially limited plasma region. 
B. Electrical Diagnostic -Current Behavior
Voltage and current curves are presented in figure 6 . The current signal presents high peaks during the positive half-cycle which behaves nearly like a typical positive corona, with streamers [22] . One can note that the intensity of the current peak is rather high (greater than 50 mA) at atmospheric pressure as opposed to previously published results. Indeed, it appears that the acquisition frequency used to record the current signal has a significant effect on the identification and measurement of the high intensity peaks. It is expected that these current peaks have a very short life time and thus require an acquisition system with a high sampling frequency, which is the case in the present study. Independently of the actuator design, the current curves of figure 6 present one or several simultaneous micro-discharges being more numerous when the air pressure is decreased. Moreover, it appears that the period presenting positive current peaks is longer and that the intensity of the current peaks is largely increased with decreasing pressure. Lower breakdown voltage under lower air pressure favours a more frequent plasma ignition. The voltage required to ignite a discharge decreases with the pressure. Here the applied voltage is kept constant, then there are more filaments when the pressure is decreased. Note that the current peaks corresponding to the negative phase of the discharge (cathode air exposed) are not visible on figure 6 because they range from a few mA to 20 mA. They are detected only when a lower voltage calibration is used but the corresponding curves are not presented in the paper. To allow a more accurate estimation of the current behavior at the different investigated pressures, a statistical analysis of the current peaks is proposed for a high voltage amplitude of 15 kV. As previously mentioned, this analysis is based on an ensemble averaging of 100 periods of the electric signal (the results present the time-averaged current peak number for a single period). The histograms of the current peak are plotted in figure 7 . This plot confirms that the current peaks reach intensity values up to 150 mA at 1 atm. The ambient air pressure affects the current peaks and their intensity. For instance, at low pressure, the current peaks can present values up to 300 mA. Through this plot, it appears that the number of weak current peaks is independent of the pressure level contrary to the strong peaks (>100 mA) which are largely more numerous when the pressure is decreased. The discrepancy between the electrode designs remains low, except at 0.2 Atm where a singular behavior is reported. For the long grounded electrode, the decrease in pressure from 0.4 down to 0.2 leads an increase of the current intensity while the short grounded electrode behaves differently. For a given grounded electrode length the number of strong current peaks increases because the external electric field is kept constant while the breakdown voltage is decreased with pressure as described by the Paschen curve for capacitive gas discharges. Hence the transition corona streamer breakdown is more intense at low pressure. When the grounded electrode is long enough to let the filaments develop all along the dielectric surface, many current peaks over 300 mA are measured. With a shorter grounded electrode they can not extend along the plate wall. At each pressure, the power consumption increases with the applied voltage ( figure 8 ). For pressure from unity down to 0.6 atmosphere, the evolution of the power consumption remain similar in slope and amplitude whatever the geometry of the grounded electrode. In this range, the plasma region does not reach the end of the grounded electrode (plasma extension of 12.5 and 15 mm at 12 and 15 kV, respectively), then the effects of the grounded electrode length are not significant. At lower pressure, the plasma extension is physically limited for the shorter grounded electrode and a pressure lower than 0.2 atmosphere initiates the decrease of power consumption with pressure. Conversely, the plasma is free to extend when a long grounded electrode is used. This results in a significant increase of the power consumption as longer streamers can be initiated and sustained. At a fixed voltage amplitude, a similar trend is observed. The power consumption slightly increases with pressure decreasing down to 0.6 atmosphere while lower pressure induces either a large power consumption rise for the long grounded electrode or a dissipated power decrease for the short one. The global power consumption behavior is in full agreement with previously reported results [15] and it demonstrates that the DBD can be operated at low air pressure at the price of a larger power consumption when the high voltage is kept constant. The results also highlight that the electrical power consumption remains reasonable for control device perspective as the higher observed power consumption is only 1.5 and 0.6 W/cm for the long and short grounded electrodes, respectively. 
C. Mechanical Aspect -Induced Electric Wind
The previous results demonstrate that the current of the single DBD is strongly affected by the ambient pressure value. This should result in significant consequences on the momentum transfer from the charged particle to the neighbouring neutral particles, and then on the electric wind produced by the discharge. To check this assumption, the quantification of the electric wind without external flow is realised using Pitot measurements, in the region in which the plasma is extended. The data acquisition system allows to record the differential pressure (∆P) produced by the electric wind. The local time-averaged velocity is computed using the following expression:
where ρ, the air density, depends on the external pressure condition according to the expression: 287.053
where T is the ambient temperature (here T is 295.13 K) and P the static pressure inside the test chamber.
Two positions in the x-direction are here investigated, the first one at x=10mm (figures 9 and 10 for short and long grounded electrode, respectively) and the second one at x=30mm (figures 11 and 12 for short and long grounded electrode, respectively). The measurements are performed at the central position in the spanwise direction and it is expected that the time-averaged electric wind remains constant along the spanwise direction. Each velocity profile is measured for high voltage amplitudes of 12 and 15 kV while the pressure is decreased from one down to 0.2 Atm, every 0.2 atmosphere. The first remark concerns the capability of a DBD actuator to be operated in low ambient pressure in preserving the momentum transfer, which results in the production of the electric wind. As expected, the induced airflow is related to the amplitude of the applied high voltage. Indeed, each velocity profile confirms that an amplitude of 15 kV is more effective in producing electric wind than a voltage of 12 kV. Moreover, the profiles present shape similar to the profiles previously measured at one atmosphere [2, 19] .
Concerning the effects of the pressure, the velocity profiles reveal that the induced airflow velocity close to the active electrode (i.e. x=10 mm) increases when the pressure level is decreased down to 0.4 and then it is reduced at 0.2 atmosphere. For instance, at 10 mm and for a voltage of 15 kV (figure 9), the short grounded electrode configuration leads to maximal velocities of 2.4, 2.9, 3.3, 3.25 and 2.5 m/s for pressure levels of 1, 0.8, 0.6, 0.4 and 0.2 Atm, respectively (a similar trend is reported in figure 10 for the long grounded electrode). At x=10 mm and according to the spatial resolution of the measurements, it appears that the distance at which the maximum velocity occurs ranges in 0.5≤y≤1.5 mm.
At x=30 mm for the short grounded electrode (figure 11), the trend is identical. The electric wind first is increased with decreasing pressure (down to 0.4 atmosphere) and then is decreased (with a 15 kV signal the induced electric wind is 2.4, 2.9, 3.3, 3.25 and 2.8 m/s at 1, 0.8, 0.6, 0.4 and 0.2 atmospheres, respectively). For the long grounded electrode configuration (figure 12), this tendency is modified. This electrode configuration presents an increase in velocity, even at the lower pressure level (i.e. 0.2 atmosphere). Moreover, the thickness of the velocity profiles is significantly enlarged. In both grounded electrode configuration and for an applied voltage held constant, a decrease in pressure results in a higher electric wind velocity. This can be due to the enlargement of the charged particles mean free path that gain more momentum from the electric field before they hit neutrals and to the higher degree of ionization.
To refine the interpretations concerning the effects of the pressure on the produced electric wind, additional measurements are performed at x=20 mm for air pressure values from one down to 0.2 atmosphere, every 0.13 Atm. The velocity profiles for both electrode configurations powered by a 15 kV sine signal are plotted in figure 13 . The first observation is that the electric wind is less disturbed by velocity fluctuations than at x=10 mm, certainly due to a weaker interaction with the short streamers initiated at the edge of the active electrode. The results show that the maximum velocity position in the y-direction remains quasi unaffected by the ambient pressure down to 0.46 Atm (the maximal induced velocity is located at y≈1 mm). At lower pressure (i.e. 0.33 and 0.2 atmosphere), the velocity profiles are thicker and the position of the maximal velocity is moved away from the dielectric wall (y≈1.5 and 2 mm at 0.33 and 0.2 atmosphere, respectively). As expected from the discharge appearance at low pressure, the plasma expansion in the y direction is visible and the total discharge volume over the dielectric is rising with decreasing pressure. This enlarges the zone of momentum transfer and naturally results in thicker velocity profiles.
Figure 13
Velocity profiles along the y-direction at x=20 mm for high-voltage amplitude of 15 kV Additional velocity measurements are performed by using a straight Pitot tube allowing to acquire the velocity along the x-direction (see figures 2c and 3b). Here, the probe is located at a distance of 0.75 mm from the wall (y=0.75 mm). It is important to note that the velocity presented in these plots can not be associated with the maximal induced velocity as this maximal velocity varies in y along the x-direction. Figures 14 and 15 show that the position of the maximal velocity occurring at y=0.75 mm is shifted along the x-direction when the pressure is decreased but this position does not seem strongly correlated with the end of the plasma region (x≈5 mm at one atmosphere, x≈10-15 mm from one down to 0.6 atmosphere, x≈15-20 mm at lower pressure). The longer electrode seems to allow a sustained 'maximal' velocity along approximately 10-15 mm as opposed to the short grounded electrode which presents localized spatial positions of the 'maximal' velocity. The last point illustrated by these curves is that the velocities produced with a 12 and 15 kV amplitudes converge for decreasing pressure. This point requires to investigate a wider range of voltage amplitudes to confirm that similar velocities could be reach at two different voltage when the pressure is low. This final section is dedicated to the characterization of the mass flow rate. Such quantity is not directly related to the capability of such an actuator to control aerodynamic flows. However, these data can bring interesting results that help comparing BDB actuators with other control devices.
The mass flow rate induced by the plasma discharge can be quantified from the velocity profiles:
where ρ is the air density and L is the length of the active electrode (here, L=100 mm). The acquisition of the velocity at 20 mm and at a voltage amplitude of 15 kV are used to compute the mass flow rates at different pressure for both electrode configurations as illustrated in figure 16 . The trend of the mass flow rate is the same whatever the length of the grounded electrode. Indeed, the mass flow rate increases when the pressure is decreased, until a maximum value is reached (0.85 g/s at 0.6 atmosphere) and then it drastically drop. Similar result was reported by Abe et al. for the evolution of the EFD produced by a DBD under decreasing pressure levels [15] . They reported that the thrust generated by the plasma actuator does not decreases monotonously but increases at first ant then decreases. The pressure threshold leading to a significant change in the thrust evolution is 0.8 atmosphere. This value differs from the threshold reported in the present study, certainly due to different voltage amplitude and electrode configuration. This last points remain to be confirmed. However it is particularly clear that an optimal pressure value exists, this value involving an effective balance between the degree of ionization and the air density. Through the results plotted in figure 16 , it appears that the length of the grounded electrode has few effects on the mass flow rate. A possible way to differentiate both configurations consists in plotting the mass flow rate versus the electrical power consumed by the actuator. Such plot is proposed in figure 17 for a DBD supplied by 15 kV.
A particular behavior is noticeable for the short grounded electrode. For decreasing pressure, the mass flow rate first increases with the power in a quasi linear fashion up to 400 mW/cm at 15 kV. Bellow 0.4 atm the discharge seems to present a physical limit that inhibits further increase of the dissipated power at 15 kV. It is possible that the discharge regime is modified, leading to a reduced momentum transfer. It was observed from the statistical analysis of the current peaks that the short grounded electrode configuration induces a limit in the current peaks number at low pressure. Then, as reported by several authors, the present results confirm that the current peaks could be responsible for the majority of induced mass flow. In this case, the current is directly related to the charge transport and hence to the momentum they transfer by collisions with neutral. For the long grounded electrode, the mass flow rate increases with the power consumption, up to an optimal state (0.8 g/s for a power consumption of 400 mW/cm). Contrary to the short grounded electrode, the drop in mass flow rate is lower for a dissipated power increased beyond 400 mW/cm. The plot in figure 17 allows to differentiate the effect of the grounded electrode length on the mass flow rate. It appears that at low power consumption (270 mW/cm in figure 17), the mass flow rate is enhanced with the longer grounded electrode at constant power consumption. However, below a pressure of 0.46 atm (i.e. 400 mW/cm at 15 kV), the use of a longer grounded electrode results in a greater power consumption while a slightly identical mass flow rate could have been reached with a shorter grounded electrode. At 0.2 Atm, the mass flow rate is 12% larger with the long grounded electrode but the power consumption is doubled. 
IV. Conclusion
The electrical characteristics and the produced electric wind of a DBD actuator are investigated in this study for several ambient air pressure values. Two electrode configurations with different grounded electrode length are investigated. The induced airflow created by a single DBD actuator is measured inside and above the plasma region using a Pitot tube and simultaneous electrical measurements are performed. Images of the plasma discharge confirm that the non-thermal plasma is affected by the pressure condition with an increase of the discharge extension at low pressure. This growth is larger when the grounded electrode is longer. In agreement with the visual observation of the plasma extension, the analysis of the current signal demonstrates that the pressure has significant effects on the number of current peaks. The high bandwidth of the data acquisition system allows to measure the short life time current peaks and the results reveal that this current peaks present intensity up to several hundred of mA at low pressure. According to the increase in current peaks and current intensity with a decreasing pressure, the power consumption is then largely amplified (up to 1.46 W/cm at 0.2 atm for a 40 mm grounded electrode).
The Pitot tube measurements show that the capability of DBD actuator to produce an electric wind is unaffected by the ambient pressure. The velocity profiles are thicker with a low pressure level in particular a dozen of mm downstream of active electrode edge. The velocity profiles reveal that the maximum electric wind velocity first increases when the pressure level is decreased down to 0.4 atmosphere and then the induced airflow is reduced. The use of long grounded electrode allows to maintain a maximal velocity on a ~15 mm wide distance. As observed from the velocity profiles, the mass flow rate presents an optimal value when the ambient pressure reaches 0.6 atmosphere, independently of the grounded electrode length.
A way to demonstrate the effects of grounded electrode length consists in analysing the induced mass flow rate versus the dissipated electrical power. The results highlight that at constant dissipated power, the mass flow rate is enhanced with the longer grounded electrode for ambient pressure above 0.46 atmosphere. Below 0.46 atmosphere, the use of the shortest grounded electrode allows to produce similar mass flow rate than a longer electrode one but the power consumption is divided by 2.
The present study is the preliminary results of a more global investigation about the DBD behaviour at pressure, humidity and temperature undergone by an aircraft during its flight envelope. However, the results presented in this study only concerned time-averaged value while a more modern approach in flow control by DBD consists in unsteady actuation. Short pulses and trains of high-voltage can reduce the power consumption, taking advantage of the low time-response of the DBD actuators. Therefore, a future investigation will concern non-stationary measurements of the effects of the pressure on the unsteady electric wind in absence and presence of external flow.
